The estrogen receptor (ER)-␣ (ESR1) is
T HE LOCAL SIGNALING environment plays a crucial role in dictating cellular phenotype and behavior. Signals from a cell's surroundings can not only determine intracellular functions but also govern the way cells interact with each other. Early in embryonic development, the male and female mammary glands follow similar developmental pathways. However, at puberty, development is directed by hormonal signals in females, leading to ductal morphogenesis, whereas the mammary anlage atrophies in the male (1) . During pregnancy and subsequent lactation, a hormonal surge leads to intensive elaboration of the mammary epithelium, in part through the mitogenic action of estradiol (1) (2) (3) . At the molecular level, these physiological changes in the gland during puberty, pregnancy, and lactation result from the action of liganddependent nuclear hormone receptors (4-6) leading to transcriptional activation of target genes (7) (8) (9) (10) . One such receptor, estrogen receptor (ER)-␣, impacts both proliferation and differentiation of the mammary epithelium (5, 11) .
Besides its well-documented role in transcriptional activation of genes, ER-␣ can also serve in a repressive capacity. Metastasis-associated protein 3 (MTA3), which is directly activated by ER-␣, is a celltype-specific subunit of the Mi-2/NuRD transcriptional corepressor complex, which can direct the complex to distinct genes where it plays a repressive role (12) . One such target of the MTA3-containing Mi-2/NuRD complex is the transcriptional repressor, Snail (SNAI1) (12) . This protein was identified as an essential component of pathways in early development in flies (13) (14) (15) and mammals (16) as well as in cancer progression and metastasis (17) (18) (19) . Snail acts to repress genes that encode vital structural components of the cell-cell junctional apparatus, such as E-cadherin (CDH1) (17, 18) and occludin (OCLN) (20) , resulting in a dedifferentiated, mesenchymal phenotype characterized by increased motility. This phenomenon, termed epithelial to mesenchymal transition (EMT), was first described in 1982 by Greenburg and Hay (21) .cells is associated with down-regulation of the vitamin D receptor (25) . A critical signaling pathway that intersects both Snail and ER-␣ biology involves members of the TGF-␤ family (26) (27) (28) . The TGF-␤ family of peptide growth factors acts through cell-surface receptors to modulate cellular signaling cascades. All three TGF-␤ isoforms bind to the TGF-␤ receptor, which then triggers the activation of the Smad signaling pathway. Translocation of the Smad proteins to the nucleus then results in the activation of several genes (reviewed in Ref. 29) . With respect to breast cancer cells, TGF-␤ signaling is normally responsible for cell cycle arrest, thereby countering the mitogenic role of ER-␣ (30) . It has been suggested that ER-␣-positive breast cancer cells lose responsiveness to the TGF-␤-signaling cascade due to loss or decreased expression of TGF-␤ receptor type II (TGF-␤RII) (31) . Replacement of the TGF-␤RII in these cells restores TGF-␤-mediated cell cycle arrest (32) . Detailed studies by Ammanamanchi and colleagues (33) indicated that TGF-␤RII is repressed in ER-␣-positive breast cancer due to decreased activity of the Sp1/Sp3 family of transcription factors.
Breast cancer cell lines can be broadly classified into two categories. One group displays the classic properties of epithelial cells such as polarized architecture, cell-cell contact, and growth in a contiguous two-dimensional sheet in culture. Most cells in this class express ER-␣ and are not metastatic in nature (34) . The second category has the ability to form metastatic tumors in xenograft models as a result of aggressive growth arising from estrogen independence (34) . These cell lines are more mesenchymal and lack many of the features that characterize epithelial cells, including loss of contact inhibition and polarity. In addition, cells in this second category are more mobile.
In this study, we used an exogenous expression strategy to introduce Snail into MCF-7 cells. We found that increased Snail expression resulted in decreased cell-cell adhesive properties and an increased ability to invade through Matrigel, consistent with induction of EMT. Surprisingly, Snail expression caused a decrease in ER-␣ protein and RNA levels. Loss of ER-␣ appeared to result from direct transcriptional repression of the ER-␣ locus by Snail. This is evidenced by a loss of histone H3K9 acetylation at the ER-␣ locus. This decrease in ER-␣ had measurable downstream consequences on cellular physiology, including decreased pS2 (TFF1, or Trefoil factor 1, a gene that is activated by ER-␣) RNA levels and increased steadystate levels of the TGF-␤ signaling system components. ER and TGF-␤ signaling pathways influence cell growth and proliferation in opposing ways. Whereas ER has a stimulatory effect, TGF-␤ causes cell-cycle arrest (30) . Here, we show that expression of Snail leads to transcriptional repression of ER-␣, whereas ER-␣ in turn controls Snail and TGF-␤ expression. These findings suggest that exogenous expression of Snail in ER-␣-positive breast cancer cells results in a switch in dominant regulatory pathways from estradiol to TGF-␤. Thus, cross-talk among ER-␣, Snail, and the TGF-␤ pathway creates a balance in mammary epithelial cells between a differentiated, epithelial state and EMT.
RESULTS

Breast Cancer Cells Exhibit an Inverse Relationship between ER-␣ and Snail
Previous work from our laboratory indicated that ER-␣ acts to inhibit the expression of Snail via stimulation of MTA3, a cell-type-specific subunit of the Mi-2/NuRD corepressor complex (12, 35) . Concordant with these data, a survey of commonly used breast cancer cell lines revealed that, at the protein level, ER-␣ and occludin (a component of tight junctions) are expressed to a greater degree in the epithelial cell lines MCF-7 and T-47D than in the mesenchymal MDA-MB-231 (Fig. 1A) . On the other hand, Snail is more readily detected in MDA-MB-231 compared with the epithelial MCF-7 and T-47D cell lines, which express it to a much lower degree (Fig. 1A) . Thus, breast cancer cell lines present an inverse relationship between ER-␣ and Snail expression.
These data agree with a current model depicting Mi-2/NuRD-dependent transcriptional repression of Snail as a secondary biological effect of ER-␣ action (12, 35) . As a direct test of this model, we asked whether perturbing ER-␣ expression would result in simultaneous alterations in Snail expression. Treatment of MCF-7 with small interfering RNA (siRNA) duplexes specific for ER-␣ led, as expected, to decreased steady-state levels of ER-␣ mRNA. As predicted from the model, these declines in ER-␣ were accompanied by a concomitant increase in Snail RNA levels (Fig. 1B) . 
Phenotypic Consequences of Snail Overexpression
To determine molecular targets of Snail in breast cancer cell lines, we exogenously expressed Snail in MCF-7 breast carcinoma cells using a previously described adenovirus strategy (36) . As a prelude to molecular analysis, we characterized the phenotypic changes associated with increased expression of Snail in MCF-7. A slow aggregation assay (37) was employed to determine whether expression of Snail influences the adhesion properties of the cells. MCF-7 cells were infected with control-or Snail-expressing adenoviruses for 3 d. The cells were then trypsinized, counted, and resuspended in serum-and phenol redfree medium, and an equal number were cultured over a bed of agar dissolved in DMEM/F-12 medium for an additional period of 24 h. MCF-7 cells that were infected with the control virus formed large aggregates, whereas the Snail-expressing cells were spread diffusely across the agar (Fig. 2) . We concluded from this experiment that Snail expression has a dramatic impact on cell-cell contacts in MCF-7.
To determine whether Snail expression altered invasive properties of MCF-7 cells, we used Boyden chambers containing Matrigel-coated membranes (38) (39) (40) . MCF-7 cells were infected with Snail or control adenovirus for 3 d, trypsinized, and resuspended in fetal bovine serum (FBS)-free medium in the upper chamber, whereas the lower chamber contained medium with 10% FBS as the chemoattractant. Cells were allowed to invade for 24 and then were fixed and counted. We observed a statistically significant (P value ϭ 0.01, t test) increase (approximately 3-fold) in the number of invading cells when comparing Snailexpressing cultures to controls (Fig. 3) . Although the number of invading cells demonstrated by Snail-infected MCF-7 cells is much less than MDA-MB-231 cells (data not shown), it is significantly more than control virus-infected MCF-7 cells.
Snail Represses the Epithelial Cell Transcriptional Program While Up-Regulating Components of the TGF-␤ Signaling Pathway
Recent work demonstrated that Snail functions in a pathway downstream of ER-␣ to negatively regulate genes like the tumor suppressor gene E-cadherin (35) . The Mi-2/ NuRD chromatin remodeling complex has been shown to associate with the promoter region of Snail and negatively regulate Snail in breast cancer cells. In other contexts, Snail directly represses transcription factors associated with an epithelial phenotype (25) . Given our demonstration that ER-␣ and Snail are negatively correlated in breast cancer cell lines (Fig. 1, A and B) , we asked whether Snail expression in MCF-7 cells directly altered ER-␣ levels. As a positive control of Snail repression, we used the previously defined Snail target gene occludin (20) . In our system, Snail expression led to a down-regulation (maximum of approximately 4-fold compared with control) of ER-␣ RNA (Fig. 4A ) within 48 h. As expected, occludin was also down-regulated, approximately 22-fold after 2 d and 47-fold compared with control-adenovirustreated cells after 4 d of Snail expression (Fig. 4A) . A similar trend in expression of these genes was observed in the ER-␣-positive cell line T-47D upon Snail expression although not to the same extent as in MCF-7 (supplemental Fig. 1 , A and B, published as supplemental data on The Endocrine Society's Journals Online web site at http://mend.endojournals.org).
Control-Adv
Snail-Adv Cells GFP A t test was performed on the samples within each set: *, P Յ 0.05; **, P Յ 0.01. E, MCF-7 cells were infected with Snail or control adenovirus (Adv) for a period of 2 d, total protein was isolated, and equal amounts were loaded and analyzed via immunoblotting using antibodies against ER-␣, occludin, and Snail. Actin (ACTB) was used as a loading control. Data are representative of at least three biological replicates. F and G, MCF-7 cells were infected with Snail or control adenovirus (ad) for a period of 2 d, and the cellular distribution of ER-␣ (F) and occludin (G) were visualized as described in Materials and Methods. Data are representative of at least three biological replicates. Arrowheads indicate adenovirus-infected cells.
Similarly, we observed down-regulation in levels of ER-␣ and occludin protein, as seen by immunoblot analysis (Fig. 4E ) as well as immunofluorescence (Fig.  4, F and G) . After infection of MCF-7 cells with Snail adenovirus, we noticed a marked change in morphology compared with the control-virus-treated cells. The presence of Snail caused a more diffuse and dispersed appearance (data not shown), as opposed to the more sheet-like form characteristic of uninfected MCF-7 cells. Immunofluorescence staining for the cell-cell adhesion marker occludin revealed a distinct chicken-wire staining pattern, illustrative of intact cellcell contact points in the control-adenovirus-treated cells. On the other hand, a marked reduction in ER-␣ (Fig. 4F, see arrowheads) as well as that of occludin (Fig. 4G, see arrowheads) staining was observed in cells that were infected with the Snail adenovirus.
We further explored the physiological consequences of the loss of ER-␣ after expression of Snail. RNA levels of pS2, a direct target of ER-␣ mediated transcriptional activation, are decreased (Fig. 4C ). Brattain and colleagues (31, 32) have identified ER-␣ action in repression of key components of the TGF-␤ signaling system in breast cancer cells. A kinetic analysis revealed alterations in the levels of TGF-␤2 and TGF-␤RII RNA levels after 4 d of Snail expression (Fig.  4B) . At this time, there is very little detectable ER-␣ in the cell. Finally, because Snail and Slug levels are strongly correlated in a subset of breast tumors (41), we determined steady-state levels of Slug mRNA after exogenous Snail expression. Snail expression did not affect the expression levels of Slug at the RNA level (Fig. 4D) . We concluded from these experiments that exogenous expression of Snail in an ER-␣-positive breast cancer cell line has a dramatic impact on cell physiology and on the response to critical signaling pathways. Furthermore, because we observed no significant impact on Slug expression, we infer that the phenotypic and molecular alterations described in this work result from the action of Snail and not Slug.
Snail Binds to the Promoter and Intronic Regions of the ER-␣ Gene
To examine whether down-regulation of ER-␣ represents a direct effect of Snail action, we performed chromatin immunoprecipitation (ChIP) at the ER-␣ locus, using E-cadherin locus as a control, focusing our analyses on clusters of putative Snail binding sites. After immunoprecipitation with the anti-Snail antibody and subsequent PCR amplification (for a list of primer sequences, see supplemental Table 1 , published as supplemental data on The Endocrine Society's Journals Online web site at http://mend.endojournals.org), we normalized Snail binding at ER-␣ to that seen at ␤-actin, where there are no Snail binding sites, as described in Materials and Methods. Compared with the control-adenovirus-treated cells, the Snail-infected cells exhibited a 7-fold increase in Snail binding above background at the ER-␣ promoter (primer set I).
A strong cluster of putative Snail binding sites in the first intron of ER-␣ (primer set II) showed an approximately 3-fold increase of Snail binding (Fig. 5) . The E-cadherin (CDH1) gene was used as a positive control for Snail binding, with primers encompassing the promoter region as previously published (42) . Therefore, we concluded that the phenomenon of ER-␣ down-regulation results from a direct effect of Snail binding at the promoter.
Snail Decreases Histone H3K9 Acetylation, but Does Not Increase H3K9 Methylation at the ER-␣ Promoter
Histone acetylation is typically thought to be associated with gene activation, whereas histone methylation (specifically, H3K9) has been shown to correlate positively with repressed or silenced genes (43, 44) . Work by several laboratories has shown that ER-␣ expression can be decreased by overexpression of histone deacetylases (HDACs) (45) , whereas inhibition of HDACs and DNA methylation causes an increase in ER-␣ expression (46) . Furthermore, Snail has been shown to bring about repression by recruitment of an HDAC1/2 complex at the E-cadherin locus (47) .
To determine whether any chromatin changes occur as a consequence of Snail binding at the ER-␣ locus, we assessed histone modifications at the ER-␣ promoter using the ChIP assay. To establish a baseline, we compared the two breast carcinoma cell lines, MCF-7 (which expresses ER-␣ and is estradiol dependent for growth) and MDA-MB-231 (ER-␣-negative cell line that is estradiol independent for growth). By tiling PCR amplicons, we surveyed an approximately 9.3-kb stretch of DNA encompassing the ER-␣ promoter, CpG island, and part of the first intron (Fig. 6A) . In the ER-␣-positive MCF-7 cell line, we found significant enrichment of histone H3K9 acetylation levels but low or nonexistent H3K9 trimethylation levels (Fig. 6B) . In contrast, the ER-␣-negative MDA-MB-231 cell line exhibits high histone H3K9 trimethylation but low levels of H3K9 acetylation (Fig. 6B) . Furthermore, these marks appear to be centered on a certain region of the CpG island of ER-␣ encompassed by the primer set M, which encompasses a putative Snail binding site (Fig. 6, A and B) . Also of interest, the NotI site identified by Ottaviano and colleagues (48) as the critical target of aberrant DNA methylation in breast cancer cells is 66 bp upstream of this primer set. Next, we investigated whether Snail expression can alter the chromatin landscape at the ER-␣ locus. We observed an approximately 4-fold decrease in acetylation at the ER-␣ promoter in Snail-vs. controladenovirus-expressing MCF-7 cells (Fig. 6C) over the region encompassed by primer set M and a general decrease in acetylation levels over the rest of the region surveyed. However, there was no significant increase in the levels of histone H3K9 trimethylation at this promoter over the CpG island (Fig.  6C) , suggesting that histone H3K9 trimethylation is probably acquired over time, and the immediate role of Snail binding is to repress ER-␣ expression but not permanently silence the locus. 
Fig. 6. Snail Elicits Changes in Histone H3K9 Modifications at the ER-␣ Promoter
A, Schematic representation of the primer sets used in ChIP covering about 9.3 kb of ER-␣ promoter region. The putative Snail binding sites are depicted as well; B and C, ChIP was performed using antibodies against acetylated (Acn) and trimethylated (TriMe) histone H3K9, with rabbit IgG as a negative control. A survey of ChIP DNA across the ER-␣ locus reveals a peak of histone H3K9 acetylation over the region encompassed by primer set M in MCF-7 cells (top left panel). This peak is also present in MCF-7 cells treated with control (bottom left) or Snail (bottom right) adenovirus. However, the peak of acetylation in Snail-infected cells is decreased about 2-fold relative to control-treated cells. In MDA-MB-231 cells (top right), on the other hand, there is virtually no histone H3K9 acetylation; instead, a peak of histone H3K9 trimethylation is seen around primer set M. Data are representative of three independent biological replicates. The data are normalized as indicated in Materials and Methods.
Analysis of Existing Microarray Data Reveals a Negative Correlation between Snail and ER-␣ in Human Breast Tumors
Moody and colleagues identified a significant negative correlation between Snail and ER-␣ in two of four microarray data sets examined (P values were well below 0.01) (22) , suggesting that the presence of Snail had a predictive value for tumor recurrence. We analyzed three datasets to determine whether a relationship between ER-␣ expression and Snail exists in human breast tumor samples. As reported previously (49), Wang and colleagues classified expression profiles from patients with ER-␣-positive or -negative tumors. By t test, we confirmed differential expression of Snail in this dataset. Snail is expressed more frequently in the ER-␣-negative subset (P value of 1.6 ϫ 10 Ϫ5 ; Table 1 ). Sotiriou and colleagues (50) reported microarray data from 189 invasive breast carcinomas. When we compared Snail expression in those samples that were positive for ER-␣ vs. those that were negative, we found a significant difference between the two (t test, P value ϭ 7.2 ϫ 10 Ϫ10 ; Table 1 ). Finally, Hess et al. (51) analyzed 133 patients with stage I-III breast cancer for expression of various genes using an Affymetrix U133A chip. Cases where at least 10% of tumor cells stained positive for ER with immunohistochemistry were considered positive. A comparison of Snail expression indicated a substantial negative correlation with ER-␣ (t test, P value ϭ 1.15 ϫ 10 Ϫ5 ; Table  1 ). Furthermore, correlation between Snail and ER-␣ in these three datasets were tested by Pearson correlation coefficient, the values of which also revealed a significant negative association (see Table 1 ). Thus, the reciprocal relationship we have observed in MCF-7 cells with respect to Snail expression being mutually exclusive with ER-␣ is supported by microarray analyses of primary tumor material.
DISCUSSION
The transcriptional factor Snail plays important roles in both normal development (13) (14) (15) 19) and cancer (17) (18) (19) . This zinc finger protein, upon association with a variant of the E-box motif, CAGGTG, is thought to recruit corepressors such as C-terminal binding protein (CtBP) (52), the HDAC1/2 complex, and switch independent protein 3a (47, 53) , resulting in transcriptional repression. In cancers, the pathological expression of Snail and its close relative Slug is associated with a migratory, mesenchymal phenotype arising from a loss of expression of molecules integral to the epithelial phenotype, including cell-cell adhesion molecules such as E-cadherin (17, 18, 42, (54) (55) (56) and occludin (20, 57) . This loss of hallmark structures and physiological properties associated with epithelia and the gain of new properties, including migratory and invasive growth patterns, are characteristic of the EMTs critical to normal development and postulated to influence cancer progression.
Previous studies have led to a proposed genetic pathway acting in breast cancer cells (Fig. 7) that regulates the process of EMT through an indirect action of the ER-␣ (12, 35) . In this model, ER-␣ serves as a master regulator and directs synthesis of MTA3, a key component of the Mi-2/NuRD chromatin remodeling complex. MTA3, in turn, directly represses transcription of the Snail locus, resulting in maintenance of a differentiated, epithelial phenotype (Fig. 7) . Thus, ER-␣ and MTA3 are associated with an epithelial cell morphology, whereas Snail expression favors a more mesenchymal phenotype. In the current work, we have addressed the molecular outcome of aberrant Snail expression in an epithelial model of breast cancer and observed two important consequences, direct transcriptional repression of the ER-␣ locus by Snail and activation of key components of the TGF-␤ signaling pathway.
From a broader perspective, however, there is as yet no direct evidence in tumors in vivo that this change in phenotype from ER-␣ positive to ER-␣ negative is the immediate consequence of Snail expression and hence EMT. Indeed, there are instances of advanced tumors that are not responsive to treatment with tamoxifen but are nevertheless ER positive (58) . It has been also suggested that the presence or absence of progesterone receptor might play an important role in this lack of response to tamoxifen (58) . Although the exact mechanisms leading to loss of ER-␣ expression are currently uncertain, recent work suggests that activation of growth factor receptor pathways such as epidermal growth factor, IGF-I, TGF-␤, and heregulin may contribute to ER loss. For instance, the type I IGF receptor has been shown to influence EMT in MCF10A, an immortalized mammary epithelial cell line, via inhibition of GSK3-␤, leading to up-regulation of Snail and NF-B and subsequent down-regulation of E-cadherin (59) . Although some of these pathways have indirect relationships with Snail and could thus bring about loss of ER-␣, whether or not Snail influences EMT via any or all of the other pathways is currently unclear. The finding that Snail directly represses ER-␣ expression in breast cancer cell lines suggests the genetic pathway put forth by the work of Fujita and colleagues (12, 35 ) is a complex regulatory circuit rather than a simple linear pathway (Fig. 7) . While ER-␣ represses Snail indirectly through the action of MTA3, Snail in turn can directly repress ER-␣ and compromise the downstream transcriptional program. Our observation that Snail impacts the function of this key transcriptional regulator mirrors the finding that Snail directly represses the vitamin D receptor in colon cancer, leading to an altered phenotype and dramatically worse prognosis (25) . It is conceivable that a common strategy used by EMT-inducing transcription factors including Snail may be to not only impact structural components of epithelial cells but also to disable key regulatory transcription factors that govern the epithelial program.
Histone methylation marks such as H3K9 trimethylation are often associated with repressed genes (43, 44) . DNA methylation is another epigenetic modification thought to be more prevalent at loci that are repressed and/or silenced. Recent work has also established a connection between histone H3 trimethylation at lysine 9 and DNA methylation in many different model systems (60, 61). The CpG island at the ER-␣ promoter has been shown to be heavily methylated in ER-␣-negative cell lines but not in ER-␣-positive cell lines (48) . We found that histone H3K9 trimethylation is enriched over the ER-␣ promoter in MDA-MB-231 breast cancer cells but not in MCF-7 cells (Fig. 6B) . Snail expression in MCF-7 cells leads to a decrease in histone H3K9 acetylation but no corresponding increase in histone H3K9 trimethylation (Fig.  6C) . This inverse correlation between H3K9 acetylation and trimethylation corresponds with what was observed at the PABPC1 gene (62) . This suggests that although the initial role of Snail is to bring about a loss of ER-␣ transcript, as evidenced by loss of histone acetylation, events that occur after Snail binding may set the stage for histone methylation events associated with long-term silencing of ER-␣ gene expression. A recent study in human embryonic stem cells seems to suggest that the promoters of several genes exist in a poised state, ready for transcription to initiate, whether or not their transcripts are readily detectable (63), similar to heat-shock promoters (64) . These promoters displayed histone modifications characteristic of actively transcribing genes as well as the presence of appropriately phosphorylated forms of RNA polymerase II. The fact that we detect Snail in the ER-␣ intronic region and that histone acetylation at the ER-␣ promoter is not completely lost leads to the speculation that Snail may serve to maintain the promoter in a quiescent state until the appropriate signals to either silence or activate it are received. Given that Snail is thought to bring about EMT leading to invasive growth and metastasis, one can speculate that the events leading to long-term repression might be dependent on the environment the cells are exposed to after they have metastasized.
Studies in mammary epithelia have demonstrated an inverse relationship between the ER and TGF-␤ signaling pathways. Although estrogen serves to stimulate cell growth and proliferation (5, 10), TGF-␤ has been shown to arrest the cell cycle (30) . Breast cancer cells, on the other hand, are able to overcome the cell-cycle block imposed by TGF-␤ through various mechanisms, such as loss of the TGF-␤ receptor type II (31, 32) . In addition to effects on cell cycle progression, the TGF-␤ signaling pathway leads to EMTs in some instances (27, 28, 65, 66) . One mechanism by which TGF-␤ promotes this phenotypic change is through induction of EMT-promoting transcription factors, including Snail (28, 67) . Exogenous expression of Snail in ER-␣-positive cells, as reported here, led to an up-regulation of TGF-␤ pathway components (Figs. 4  and 7) , suggesting that activation of Snail in cancer cells may be self-reinforcing through an autocrine signaling pathway.
In normal cells, there appears to be a delicate balance between the activities of the estrogen and TGF-␤ pathways. This balance regulates structural components central to cell shape, cell cycle progression, and growth patterns. Each pathway exerts its influence on cells, in part, through activation of key regulatory tran- scription factors. During the process of malignant transformation, cells lose the balance in signaling with predictable results on cell behavior. This loss of equilibrium between opposing signaling pathways is reflected in the striking negative correlation between ER-␣ and Snail in tumors, as exemplified by microarray analyses. This situation likely reflects a basic strategy adopted by master regulatory transcription factors to impact multiple targets integral to phenotype, including transcription factors governing opposing pathways.
MATERIALS AND METHODS
Cell Culture and Adenovirus Methods
Human breast carcinoma cell lines MCF-7, MDA-MB-231, and T-47D were obtained from the American Type Culture Collection (Manassas, VA) and cultured in DMEM/F-12 medium supplemented with 10% FBS (GIBCO, Carlsbad, CA). Adenoviruses for expression of Snail and green fluorescent protein (GFP) or control (GFP alone) were prepared as described previously (36) . MCF-7 cells were titrated with varying amounts of the viruses to determine the amount (in microliters) that would result in around 80-90% infection of the cells with either Snail or control adenoviruses in the experiments described.
siRNA
After overnight culture of MCF-7 cells in a six-well dish, the medium was replaced with 2 ml new medium (DMEM plus 10% FBS and no antibiotics) and transfected with siRNA (Dharmacon, Lafayette, CO) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) against ER-␣ or GFP (negative control) for an additional period of 48 h (using the manufacturer's protocol). Total RNA was extracted using Trizol reagent (Invitrogen), and cDNA was prepared by RT-PCR using random hexamer priming. To quantify nascent RNA, PCR with realtime quantitation was performed using SYBR-green in an iCycler system (Bio-Rad, Hercules, CA) as previously described (36) . 18S RNA was used as a normalization control. Quantitation was performed using the comparative cycle threshold (Ct) method, using the formula 2 Ϫ⌬⌬Ct , where ⌬⌬Ct ϭ ⌬Ct sample Ϫ ⌬Ct reference (18S in this case). The fold change was calculated as a ratio of siRNA to control (GFP). Data shown are an average of three independent biological experiments.
Slow Aggregation Assay (Agar Assay)
The assay was performed as previously described (37) with the following adaptations. Briefly, MCF-7 cells were infected with Snail or control adenovirus for 3 d. The infected cells were trypsinized and resuspended in serum-free DMEM/F-12 medium lacking phenol red, and 10,000 cells were seeded on agar (dissolved in DMEM/F-12 media without 10% FBS and without phenol red) in a 96-well plate and placed in a CO 2 incubator for an additional period of 24 h. They were then examined using a ϫ5 lens on the Zeiss Axiovert 200M microscope (Zeiss Microimaging Inc., Oberkochen, Germany). Data are representative of three independent biological experiments.
Invasion Assay
Nucleopore track-etch membranes (Whatman, Kent, UK; 13-mm diameter, 8-m pore size) were prepared by coating with growth factor-reduced Matrigel without phenol red (BD Biosciences, San Diego, CA). Boyden chambers were prepared with the lower chamber containing DMEM/F-12 with 10% FBS, and the membranes were placed above the lower chamber with the coated side facing up. MCF-7 cells were infected with adenovirus, resuspended in medium without FBS, and counted, and 20,000 cells were then seeded in the upper chamber. The FBS in the lower chamber served as the attractant. After 24 h of incubation in a 37 C CO 2 incubator, the membranes were removed and the cells on the surface were scraped off. The cells that had invaded to the other side of membrane were then fixed and stained with the Diff-Quik Stain kit (Dade Behring Inc., Newark, DE) and mounted on glass slides using Permount. The cells were counted using a ϫ5 lens on the Zeiss Axiovert 200M microscope (Zeiss Microimaging). Data shown are an average of three biological replicates. A t distribution analysis was performed on the samples within each set (single asterisk indicates P value Յ 0.05; double asterisks indicate P value Յ 0.01). A two-sample t test comparing Snail with control-treated samples showed a P value of 0.01.
RT-PCR Analysis
Total RNA was extracted using Trizol (Invitrogen) reagent. cDNA was synthesized with MuMLV reverse transcriptase using random hexamer priming. To quantify nascent RNA, RT-PCR with real-time quantitation was performed using SYBR-green with an iCycler system (Bio-Rad) as previously described (36) . Quantitation was performed using the comparative Ct method, or the 2 Ϫ⌬⌬Ct method (18S was used as a reference). The fold change between control and Snail for each gene was then calculated as a ratio using this value. The ratio of control to Snail (or Snail to control) was then normalized to the value obtained for d 0 (untreated sample). Data shown are an average of three biological replicates. A t distribution test was performed on the samples within each set (single asterisk indicates P value Յ 0.05; double asterisks indicate P value Յ 0.01). RT-PCR primer sets (Quantitect primers) for ER-␣, occludin, and 18S were obtained from QIAGEN (Valencia, CA). Primer sets for Snail and Slug RT-PCR are shown in supplemental Table 1 .
Antibodies and Immunoblotting
Antibodies used include Snail (Abcam ab17732), occludin (Zymed 33-1500; Zymed Laboratories, San Francisco, CA), actin (Chemicon MAB1501; Chemicon International, Temecula, CA), and ER-␣ (Santa Cruz sc-8005; Santa Cruz Biotechnology, Santa Cruz, CA). MCF-7 cells were grown in DMEM/F-12 and infected with control or Snail-expressing adenovirus for 2 d. Cells were washed with 1ϫ PBS, and total protein was isolated using a urea-SDS lysis buffer (8 M urea, 1% SDS in 0.126 M Tris-HCl, pH 6.8). Immunoblotting was performed using standard procedures as described previously (36) .
Immunofluorescence Staining
MCF-7 cells were seeded on glass coverslips in six-well tissue culture dishes and infected with control or Snail adenovirus for 2 d. They were fixed with 4% formaldehyde in PBS for 10 min, washed with PBS, and permeabilized with 0.1% Triton X-100 for 2 min, washed with PBS, and blocked with 5% BSA in PBS. They were then incubated with the primary antibody (anti-ER-␣ or antioccludin) for 1 h, washed with PBS, incubated with the secondary antibody (Alexa Fluor 568) for 1 h, washed with PBS, and mounted on glass slides with mounting medium containing 4Ј,6-diamidino-2-phenylindole (DAPI). The slides were examined and photographed using a Zeiss Axiovert 200M microscope (Zeiss Mi-croimaging). Data are representative of at least three biological replicates. Arrowheads indicate adenovirus-infected cells.
ChIP Analysis
ChIP was performed as previously described (68) with the following exceptions. In brief, cells were cross-linked with 1% formaldehyde for 10 min at 37 C, quenched with glycine and PBS, and then sonicated using a Bioruptor (Diagenode, Liè ge, Belgium) to generate 300-to 600-bp DNA fragments. Immunoprecipitation was performed with the antibodies indicated, and IgG was used as a control. Precipitated DNAs were detected by PCR using specific primers (see supplemental Table 1 ). Real-time quantitation using SYBR-green (Bio-Rad) was performed on immunoprecipitated DNA, and the percent input for each sample was calculated based on a standard curve using 10, 1, 0.1, and 0.01% of input DNA. The fold enrichment for Snail was then determined by normalizing to the IgG-immunoprecipitated DNA. Because we observed a low level of background Snail binding at the ␤-actin locus, this fold change (anti-Snail vs. IgG) was further normalized to the enrichment observed at ␤-actin with the Snail antibody, which served as a background control. The data shown, therefore, represent fold change of material immunoprecipitated with the Snail antibody vs. that seen with IgG and subsequently normalized to Snail binding at the ␤-actin intron, which has no known Snail binding sites. Data shown are an average of three biological replicates.
For the histone-modification ChIPs, the values are normalized to the highest enrichment (primer set M, histone H3K9 acetylation) seen (i.e. MCF-7 in Fig. 6B and to MCF-7 with control adenovirus in Fig. 6C ) and are represented as a percentage of enrichment observed with primer set M. Antibodies used include Snail (Abcam ab17732; Abcam Ltd., Cambridge, UK), histone H3K9 acetyl (Upstate 07-352; Upstate Biotechnology, Lake Placid, NY), and histone H3K9 trimethyl (Abcam ab8898-100). Data shown are representative of three independent biological experiments.
